. Abstract: Modest pressure -350 bars has a significant impact on reversed-phase liquid chromatographic retention using ␤-cyclodextrin stationary phase. Demonstrated here for separations of the positional isomers of nitrophenol and naphthol as well as the enantiomers of hexobarbital and mephobarbital, the effect of small pressure perturbations on solute capacity factor ranges from q11 to y14%. These changes in retention arise from pressure-induced shifts in solute equilibria and are used to estimate the change in molar volume upon solute binding with ␤-cyclo-Ž . dextrin ⌬V . In this article, the effect of the mobile phase on pressure-induced comp shifts in solute retention is examined. Mobile-phase composition is observed to have a significant influence on the change in solute capacity factor with pressure and therefore on ⌬V . As the composition of water in the mobile phase comp increases, the change in partial molar volume of complexation is observed to become more positive for both positional isomer and chiral separations. Although these studies imply that changes in solvent composition have a general effect on the observed ⌬V and therefore on the change in pressure perturbation with comp solvent composition, it is clear that more studies are needed to establish the exact nature and breadth of this effect. ᮊ
INTRODUCTION
The extensive use of ␤-cyclodextrin in chemical separations has been driven by its ability to exhibit highly selective interactions with a wide variety of compounds. The ␤-cyclodextrin molecule, composed of seven glucoside units in a toroidal geometry, possesses a rigid inner cavity capable of selective w x size and shape discrimination 1 . In addition, the larger rim of the cyclodextrin cavity contains chiral w x carbons capable of enantioselective interactions 2 . This combination of binding capabilities has led to its utilization in liquid chromatographic stationary w x phases 3᎐5 . Although the methods used to fabricate the phase vary, the stationary phase used in this investigation is synthesized by chemically attaching
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Although the temperature dependence of ␤-cyclodextrin bonded phase separations has been inw x vestigated 7᎐9 , pressure has only recently been w x examined as a variable for retention 10᎐12 . Even as density and viscosity of polar mobile phases do w x not change significantly in this pressure range 13 , modest pressures may impact the retention of solutes through shifts in equilibrium. In this article we Ž . examine the role of modest pressure -350 bars on solute retention in ␤-cyclodextrin bonded phases in the reversed-phase mode. These studies focus on the effect of changes in mobile-phase composition on these pressure perturbations of retention. 4 3 columns were terminated using a quartz wool frit at a final column length of 40.4 cm for the positional isomer studies and 37.5 cm for the enantiomer studies. The liquid chromatographic apparatus used in these studies maintains a constant column flow rate Ž . while varying the average pressure P on the av column. With no added restrictor at the column inlet or outlet, the average column pressure arises solely from the pressure necessary to create mobilephase flow through the column. Therefore, the average column pressure may be approximated as simply one-half of the column inlet pressure since the column outlet is at atmospheric pressure. If restrictors producing equivalent back pressures are added at the inlet and outlet, the column inlet and outlet pressures are increased to the same extent. Although the average pressure on the column is increased by the magnitude of the pressure change generated by the added restriction, the column flow rate and pressure gradient remain constant. In this way, the column flow rate was maintained at 1. No correlation between pressure and flow rate was observed in these studies, yielding a relative standard deviation in the flow rate of less than 3% based on replicate void time measurements. Solute retention reversibility after high pressure was evaluated by direct comparison of capacity factors at low pressure after high-pressure perturbation.
RESULTS AND DISCUSSION
Solute retention in liquid chromatographic separations has been shown to be well described by equilibrium thermodynamics. Although the role of temperature in separations has been widely examined, the other fundamental parameter in equilibrium thermodynamics, pressure, has been long overlooked. The pressure dependence of the equilibrium distribution coefficient of solute between the stationary phase and the mobile phase, K , can be dist derived from the change in Gibbs free energy for Ž . solute binding with the stationary phase ⌬G :
where P is pressure and T is temperature. Since the isothermal change with pressure in ⌬G for an equilibrium reaction is directly related to the change in Ž . partial molar volume ⌬V for that reaction, pressure-induced changes in the distribution coefficient may be directly related to ⌬V upon solute binding Ž . with the stationary phase. As Equation 1 indicates, the change in the equilibrium distribution coefficient, K , with pressure is mediated by the ⌬ n RT dist S term, which corrects for changes in molar concentration with pressure due to compression of bulk solvent. The magnitude of this term is therefore related Ž . to solvent isothermal compressibility as well as S the difference in the stoichiometric coefficients of Ž . products from reactants ⌬ n . For the separations described here, the compressibilities are 3.8, 3.9, 4.0, In liquid chromatographic separations using ␤-cyclodextrin bound to a stationary support, the predominant solute retention mechanism is ␤-cyclow x dextrin᎐solute complexation 3᎐5 . For this reason, the equilibrium distribution coefficient of the solute between the stationary phase and mobile phase Ž . K is directly related to the fundamental equilib-
dextrin complexation with the solute. This equilibrium complexation constant can therefore be determined by measurement of the chromatographic capacity factor, k, the ratio of volumes of the station-Ž . w x ary and mobile phases , and CD , which is the equilibrium concentration of unbound cyclodextrin:
Ž . 1 permits estimation of the change in partial molar volume of complexation directly from the measured Ž . change in capacity factor k with pressure, assumw x ing that and CD do not change significantly with pressure: In these studies, we focus on the influence of mobile-phase composition on the pressure dependence of solute retention for liquid chromatographic separations using ␤-cyclodextrin bonded phase in the reversed-phase mode. Pressure has been isolated as the only perturbation parameter by maintaining a constant column flow rate while controlling the average pressure on the chromatographic column. The packed capillary columns utilized for all measurements ensure effective temperature control under Ž . ambient conditions T s 23 " 1ЊC . Utilizing this approach, the observed changes in capacity factor with pressure are expected to arise solely from shifts in the equilibrium distribution of solute between the mobile phase and ␤-cyclodextrin moieties in the stationary phase. Moreover, since this study employs positional isomers and enantiomers as probes, the effect of pressure on both shape-selective and enantioselective separations is investigated under conditions commonly encountered by chromatographers.
Pressure effects on positional isomer retention. As indicated in Table I , modest pressure has a significant impact on capacity factor for solutes separated in the reversed-phase mode with ␤-cyclodextrin stationary phase. For the nitrophenol separations, decreases in capacity factor up to 14% were observed with a 280-bar increase in pressure. In contrast, the naphthol capacity factors increased 2᎐3% or did not change with pressure. The significance of these pressure-induced changes in capacity factor is highlighted by including the propagated error for triplicate measurements in Tables I and II . Not all solutes exhibit statistically significant changes in solute retention with pressure. Indeed, these positional isomers display the full range of pressure dependence, yielding either an increase, a decrease, or no change in solute capacity factors with pressure. Moreover, these pressure-induced perturbations in capacity factor are shown to be dependent on mobile-phase composition. These mobile-phase effects may be understood more clearly based on changes in molar volume upon complexation Ž . ⌬V determined from the pressure dependence comp w Ž .x of solute capacity factor Equation 3 . For these positional isomers, chromatographic retention measurements at different pressures indicate a more positive change in molar volume upon complexation with increasing water content in the mobile phase Ž . tions arising from desolvation of the solute and cyclodextrin must become more positive andror the ⌬V contribution from the inclusion step must inclus become less negative with increased water content of the mobile phase. Unfortunately, these determinations yield the overall changes in molar volume upon complexation and do not allow isolation of the individual contributions to the complexation process. Nonetheless, the composition of the mobile phase has a significant effect on the pressure dependence of solute retention of positional isomers.
Pressure effects on enantioselecti¨e retention. In addition to the separation of positional isomers, ␤-cyclodextrin bonded phase is also commonly employed for chiral separations in the reversed-phase mode. As shown in Table II , modest pressure is shown to significantly affect enantioselective retention as well. For this study, the retention properties of the structurally similar sedatives hexobarbital and mephobarbital have been examined:
Both enantiomers of hexobarbital and mephobarbital exhibit increases in capacity factor which range from q5 to q11% with an increase in pressure. In every case, these capacity factor shifts were used to estimate decreases in molar volume upon complexa-Ž . tion ⌬V that were similar in magnitude for comp enantiomeric pairs. These pressure-induced perturbations in enantiomeric capacity factor are also dependent on mobile-phase composition. Consistent with the positional isomer separations, the enantioselective retention measurements at different pressures shown in Table II Table I . Although the naph-Ž . thols exhibit larger capacity factors higher ⌬G , the ⌬V upon complexation is significantly less for the naphthols than for the nitrophenols. However, the exact nature of the solvent-mediating effect on pressure-dependent retention remains unclear. Studies are presently underway to assess this pressure dependence over the full range of methanol᎐water compositions as well as the impact for acetonitrilebased mobile phases.
